Mixed matrix membranes containing a variety of nanoparticles were fabricated by the solvent casting method using a commercial aromatic polyimide as the base polymer. All gas permeabilities increased with increasing particle loading with no reduction in the selectivity, reflecting adequate polymer/particle compatibility. Importantly, under such conditions the permeability enhancement depended only upon the pore volume within the particle, regardless of the particle chemistry or the morphology of the membrane structure. Remarkably, despite a range of membrane chemistries and filler loadings, this permeability enhancement could be readily described with a simple free volume relationship. The results suggest that nanoparticle porosity should be the focus of research into mixed matrix membrane structures.
INTRODUCTION
Mixed matrix membranes (MMMs) have been considered since the 1970s as an effective approach to improve the performance of both gas separation and water treatment polymeric membrane systems [1] [2] [3] . In this approach, nano-particulate fillers are added into the polymer phase, generally causing an enhancement in permeability and/or change in penetrant selectivity. A large number of MMMs using zeolites [4] , silicas [5] [6] [7] , carbons [8] [9] [10] , metal-organic frameworks (MOFs) [11] , zeolitic imidazolate frameworks (ZIFs) [12] [13] [14] and porous organic polymers (POPs) [15] have been shown to be promising candidates for gas separation applications. However, these MMMs are normally tested in isolation and rarely compared to each other. In the present work, a comparative study of gas separation using MMMs containing a variety of different nanoparticles has enabled important new insights into the factors that impact membrane performance.
The particles need to be well dispersed to guarantee the separation performance.
One of the critical issues for MMMs is the presence of interfacial defects around the particles, which are caused by particle aggregation and poor particle-polymer interaction [16] . Such defects in the membrane can significantly reduce the gas selectivity and are also often related to increases in permeability. Therefore, MMM research has focused not only on the improvement of gas separation performance but also the preparation protocols and particle modifications to prevent or control these interfacial defects [17] .
A number of workers have used computational approaches to evaluate the effect of nanoparticle properties [18, 19] . Their performance is also often predicted through mathematical models from the relatively simple Maxwell model [20] to others significantly more complex [21] . The Maxwell model [20] is considered appropriate for low particle concentrations (Equation 1);
where Peff is the effective permeability of the mixed matrix membrane, ϕ is the volume fraction and P the permeability of the dispersed (d) and continuous (c) phases respectively.
The Bruggeman [22] (Equation 2) and Lewis-Nielsen [23] (Equation 3) models were introduced to model systems with higher particle loadings: 
However, an experimental evaluation of the impact of particle properties across a wide range of different nanoparticles has never been reported. In this work, we report for the first time the gas permeation properties of a series of MMMs in a glassy polymer substrate to determine the dominant particle properties and explain the permeation using a simple free volume-based model.
EXPERIMENTAL

Materials
The base polymer material used as a host matrix in this research is Matrimid ® 5218 [24, 25] . All materials were dried at 100°C under vacuum overnight to remove the moisture before use. The physical properties of the nanoparticles used in this study are summarized in Table 1 .
Mixed matrix membrane preparation
MMMs were prepared by a solvent casting method. The loading of nanoparticles was varied from 0 to 30 wt% for carbon and metal organic framework MMMs and 0 to 20 wt% for POP-2 based on the weight of polymer. The nanoparticle loading was calculated based on the following equation;
Filler loading (wt%) = 100   filler polymer filler w w w (5) where wpolymer and wfiller are the weight of polymer and filler, respectively. Solutions of 3 wt% filler and 3 wt% polymer in DCM were prepared separately by physical stirring using a magnetic stir bar overnight at room temperature, and each solution was then treated under ultrasonication (Unisonics, Australia) for 30 minutes within an iced water bath to maintain the temperature close to ambient. After ultrasonication, both homogeneous solutions were mixed together and cast directly onto a glass petri dish. This dish was then covered to prevent contamination and control the evaporation rate at room temperature for 24-48 hours.
The membrane was then dried in a vacuum oven at 35°C for 24 hours and further dried at 100°C for 24 hours. Complete removal of the solvent was confirmed by thermogravimetric analysis (see Supporting Information). The thickness of the dried membranes varied from 60 to 100 μm. The MMMs became more rigid with increased filler loading, indicating that the nanoparticle increases the stiffness of the polyimide matrix. At loadings in excess of 30 wt% filler, the membranes became too brittle to handle, and thus only mixed matrix membranes containing up to 30 wt% were tested for gas permeation.
Characterization
Nitrogen adsorption-desorption measurements of these nanoparticles were conducted on a ASAP2010 (Micromeritics, USA) apparatus at 77 K. The internal surface area was then calculated by the BET method. The nanoparticle size was measured in an ethanol solution for the carbons and in water for the MOFs by dynamic light scattering (DLS) using a Zetasizer 2000 (Malvern, UK) instrument. The solution was sonicated for 10 minutes to break up agglomerates prior to this experiment.
The membrane density (ρ) was determined based on the Archimedean principle at room temperature (24 ± 1°C) [26] . Dense membranes were weighed using an analytical balance (Mettler Toledo AB204-5) in air (wair) and then in ethanol (Undenatured AR 100%, Chem-Supply, Australia) (wEtOH). The membrane density of the base Matrimid was measured as 1.223 ± 0.019 g/cm 3 , which is in good agreement with the literature value of 1.225 g/cm 3 [27] .
The volume fraction of carbon particle (ϕfiller) in the membrane was calculated using the following equation:
where wfiller is the weight fraction of carbon particle added to the membrane. ρpolymer and ρfiller are the density of polymer and nanoparticle, respectively. This experiment was performed repeatedly using several different membranes to ensure reproducibility. As a comparison, the theoretical density (ρtheory) of the mixed matrix membranes was calculated using the following equation:
The difference between the theoretical and the measured density (ρexp), provides an indication of the additional voids created by incompabitility between the nanoparticles and the surrounding polymer. This void volume fraction, or additional free volume, ϕV can be estimated from:
The water uptake of membrane was determined by immersion in pure water at 35 ± 1°C until the equiribrium water sorption was attained. The water uptake was calculated from:
where wwet and wdry are the weight of a water-swollen membrane at equiribrium state and a well-dried.
The nanoparticle and membrane morphologies were imaged using a FEI Quanta FEG 200 scanning electron microscope (SEM, FEI Company, USA) operated at an accelerating voltage of 10 kV. The membrane sample was prepared by cleavage under liquid nitrogen to give a well-defined cross-section. All samples were dried and then sputtered with a thin layer of gold using a Dynavac Mini Sputter Coater (Dynavac, USA). The transmission electron microscope (TEM) images of nanoparticles were acquired using a FEI Tecnai TF20 instrument with an operating voltage of 200 kV.
Pure gas permeation
The pure gas permeability of O2, N2, CO2, and CH4 were determined by the constant-volume/variable-pressure method, which measures the steady-state gas flux through a membrane of known thickness under a given pressure difference [28] . All permeation data were determined at 35 °C and 2 atm using a minimum of two samples to ensure the reproducibility of the experimental results. The gas permeation measurement is performed with a leak rate of below 1.0×10 -6 torr/s, which is negligible in the case of well dried defect free samples. The gas permeation coefficient P (barrer = × 10 -10 cm 3 (STP)cm/(cm 2 ·s·cmHg)) was determined from the slope of the time-pressure curve at steady state. The ideal gas selectivity (α (A/B)) of gas A over gas B was expressed as the ratio of their permeability coefficients (PA and PB).
RESULTS AND DISCUSSION
Characterization
The water uptake value of membranes prepared from Cu-BTC was around 2.8 times higher than that of the base Matrimid, while that for a membrane prepared with POP-2 was 40% lower than that of Matrimid ( Table 1 ). The data suggests the order of hydrophilicity of the The particle size distribution of the carbon (Carbon A, B, and C) and MOF (Cu-BTC and ZIF-8) nanoparticles are presented in Figure 1 . We could not obtain a reasonable distribution for POP-2 due to persistent aggregation of the particles, so this data is not presented. However, SEM images indicated a particle size of less than 300 nm for this filler, consistent with the other fillers. A small particle size is desirable for composite membrane applications, as the selective layer is often less than 300 nm thick. This is not unexpected, given that Matrimid itself is hydrophobic.
However, surprisingly, the voids between particles and polymer, calculated using Equation 8, in all cases remain below 5% of the total volume ( Figure 3 ). The void volume fraction increased with filler loading as might be expected (Figure 3a) , but the very different hydrophobicity, and the resulting changes in SEM morphology, was not strongly correlated with this void volume fraction (Figure 3b ). For example, POP-2 had the greatest apparent void volume, but this is not apparent from Figure 2 .
The void volume fraction is calculated values based on the difference in the density between actual membrane and particle (Equation 8). These differences are small and hence any error is potentially magnified. These issues are aggravated by the fact that we use literature or manufacturer information for the particle density of Carbon A and B, ZIF-8 [13] , and Cu-BTC [29] [30] [31] . Merkel et al. [32] also point out that the void volume fraction is difficult to estimate accurately using this approach. These large errors will contribute to the poor correlation between void volume and the SEM images. However, the fact that the void volume is consistently less than 5% while some SEM images show very large voids of 100 nm in size, suggests that the morphological differences observed in the SEM images may be an artifact of the imaging process itself. It is likely that the true voids may be smaller than can be detected using SEM. show improved CO2/CH4 selectivity up to 67 [33] . Our MMMs also show slight improvement in the CO2/CH4 selectivities at low particle loadings, although most are within the range of experimental error. The selectivities of the MMMs using 10 wt% loading of Carbon B and Carbon C are 37 and 43 respectively, an increase of up to 25%. An enhancement in the selectivity can relate to the molecular sieving properties of the fillers, or to rigidification of the polymer chains in the immediate vicinity of the nanoparticles [34] .
Pure gas permeation
The pore sizes of the nanoparticles used in the present work (Table 1 ) are much larger than the size of the penetrant molecules, so any increase in the present case would result from chain rigidification rather than molecular sieving. On the other hand, the slight decline in gas selectivity as the loading increases can result from the increase in void volume fraction described in Figure 3 . Importantly, the fact that no major loss in selectivity is observed confirms that large particle-polymer interfacial defects are absent. This reinforces the conclusion that the large defects observed in the SEM images represent experimental artifacts.
Conversely, the CO2 permeability of the MMMs enhances significantly with increasing filler loading, regardless of the identity of the nanoparticle. workers have shown a correlation between the mass fraction of a single nanoparticle and the permeability, we did not find a common relationship with the mass fraction when a range of nanoparticles was considered. Rather, we found that particle surface area, as determined by adsorption experiments provided the strongest correlation to the permeability enhancement ( Figure 6b ). This could suggest that surface diffusion, a common feature of permeation through inorganic materials [35, 36] , may play a role. However, this surface area is in itself strongly correlated to the pore volume within an adsorbent material (Figure 7) . This led us to consider the very simple model developed originally by Fujita that relates penetrant diffusivity to the free volume within a system [37] . In systems that are diffusivity selective, which is true for both the base Matrimid and the fillers considered here, this simple model may be extended to relate permeability (P) to the fractional free volume (FFV) [38, 39] .
where Ap and Bp are adjustable constants dependent upon both temperature and the nature of the penetrant type. The FFV of the Matrimid polymer can be characterized by the Bondi
where V is the specific volume of polymer, and Vw is the van der Waals volume. The calculated value for pure Matrimid was 0.167, which is consistent with the literature [26, 41] .
The fractional free volume of the filler was determined by multiplying the pore volume (cm 3 /g) as measured by the BET sorption analysis, by the particle density (g/cm 3 ) [29] .
The fractional free volume of the mixed matrix membrane is then simply determined from Equation (13) Figure 8 presents the gas permeabilities for all membranes tested as a function of the inverse of the FFV. There is a remarkably strong correlation between permeability and FFV on this basis, particularly given the wide range of nanoparticles used. These strong correlations are found regardless of the gas molecule. These results demonstrate that for membranes based on glassy polymers within this pressure range, it is the fractional free volume within the nanoparticle and its relationship to the free volume of the polymer that dictates the performance of these mixed matrix systems. Further, it shows that this performance can be readily predicted from the simple model presented by Equations 11 and 13, given the pore volume of the filler and the density of both polymer and filler are known.
There is no need for more complex models of permeability.
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The data changes slightly when the FFV term is modified to include the void volume (Equation (8) (14) In this case, there is some evidence that Cu-BTC and ZIF-8 slightly outperform the more hydrophobic fillers. However, the correlation coefficient (r 2 ) also decreases in this case, suggesting that a degree of error is being introduced. This probably reflects the dependence of void volume upon an accurate measurement of the nanoparticle density as discussed above.
CONCLUSION
We have prepared defect-free self-standing MMMs from different nanoparticles embedded in a glassy polymer membrane, fabricated by the solvent casting method. Gas permeabilities of all MMMs were shown to increase with increasing filler loading without any reduction in the gas selectivity. Critically, the permeability of all gas species was shown to be strongly correlated with the free volume of the mixed matrix membrane and this factor was more relevant than the particle size or hydrophobicity. These results are likely to apply in all diffusivity dominated systems where the filler pore size is significantly larger than the penetrant size, as is the case with glassy polymers and many inorganic additives at low pressures. [13] 3.5, 9.0 [31] Particle size (nm) (c) 290 180 260 < 300 210 280
Figure captions
Density (g/cm 3 ) 1.828 (b) 1.887 (b) 1.90 1.33 0.95 [13] 1.05 ± 0.17 [29] [30] [31] Water uptake (wt%) (d) 2. 
